The local adsorption geometry of benzenethiolate in the ordered c(2x6) phase on Cu (100) has been investigated by a combination of S K-edge near-edge X-ray absorption fine structure (NEXAFS), normal incidence X-ray standing waves (NIXSW) and S 1s scanned-energy mode photoelectron diffraction (PhD). NEXAFS and PhD show that the molecular plane is tilted from the surface normal by 2015°, while NIXSW clearly identifies the S headgroup as occupying the four-fold coordinated hollow sites. PhD shows the S atoms lies 1.340.04 Å above the outermost Cu atomic layer, leading to a Cu-S bondlength of 2.250.02 Å. The combination of the PhD and NIXSW results shows the Cu surface layer has an outward relaxation of 0.150.06 Å. Possible origins for this large adsorbate-induced relaxation are discussed.
Introduction
There has been considerable interest for many years in the self-assembled monolayers (SAMs) formed on noble metal surfaces by organic thiolate (RS-) molecular species created at the surface by S-H deprotonation of the thiol (RSH) or S-S bond scission of the disulfide (RS-SR). Much of this work, notably on gold surfaces, is based on deposition of the thiolates from solution, although there is also a body of work based on deposition from the gas phase under ultra-high vacuum (UHV) conditions. The resulting thiolate SAMs have actual and potential technological applications in chemical and biochemical sensing, wetting, lubrication, corrosion inhibition and molecular electronics [1, 2, 3, 4] .
Despite the many experimental and theoretical investigations [1] , there have been very few quantitative structural studies of the thiolate-metal interface that is a key element in gaining a detailed understanding of the adsorption and self-assembly mechanisms. In particular, the ordering of the thiolates on the surface is determined by the balance of sitespecificity in the adsorption and the intermolecular interactions within the layer. The simplest model systems are the alkylthiolates (CH 3 (CH 2 ) n S-), and these have been the subject of most of the structural studies so far (see, e.g. [5] ), although the structure of the archetypal Au(111)/alkylthiolate SAM interface is proving highly controversial [6, 7, 8] .
A slightly higher degree of complexity is achieved by adding an aromatic phenyl ring to the thiol backbone, as in the aromatic thiolates, the simplest example of which is benzenethiolate, C 6 H 5 S-(also referred to as phenylthiolate). In particular, not only does this introduce the possibility of modified intermolecular interactions in a SAM in which the molecules 'stand up' on the surface (with the molecular plane tilted out of the surface plane), but also of modified molecule-substrate interaction if the molecule 'lies down' (molecular plane near-parallel to the surface), in both cases due to the influence of the -bonding electrons of the phenyl ring.
Ultra-high vacuum surface-science studies of the interaction of benzenethiol with metal surfaces seem to be limited mainly to Cu ((111) [9, 10] , (110) [11, 12] , (410) [13] , (100) [14] ) and Au ((111) [15] , (110) [16 ] ) noble metal surfaces, although a number of investigations on the more reactive transition metal surfaces, including Ni(111) [17] , 3 Ni(100) [18] , Mo(110) [19, 20] , Rh(111) [21] , are available in the literature, for which the motivation is more related to desulfurization catalysis. On all of these surfaces there is clear evidence for deprotonation of the thiol to produce the thiolate; on the transition metal surfaces this typically occurs even by adsorption at ~100 K, with further decomposition or reaction occurring below room temperature, but on the noble metal surfaces the thiolate appears to be stable at room temperature. While there are few truly quantitative determinations of the molecular orientation in these studies, selection rules in valence state photoemission or in vibrational spectroscopy provide qualitative information, and in most cases -at least at the highest coverages of the chemisorbed thiolate -the evidence is that the molecule 'stands up'. On Mo(110), C K-edge NEXAFS (near-edge X-ray absorption fine structure) indicates the molecular plane is tilted from the surface normal by 23º [19] , while on Ni(100) S K-edge NEXAFS indicates that the S-C bond (which lies in the phenyl plane in the free molecule) is 'nearly normal to the surface' [18] . On the Au surfaces, on the other hand, a lying-down geometry appears to be favored even at the highest coverage achievable by UHV dosing: on Au(110) this conclusion is inferred only from the maximum achievable coverage, and estimates of the van der Waals radius of the molecule [16] , but on Au(111) this conclusion comes from electronic and vibrational spectroscopy [15] . On Cu(110), it appears that the benzenethiolate may lie flat at low coverage but stands up at high coverages [12] . This same behavior may be inferred for Cu(111): an early photoemission investigation of a saturation coverage at room temperature concludes that the molecules stand up [9] , while a very recent STM (scanning tunneling microscopy) investigation at 15 K shows clear evidence for a lying-down species at low coverage [10] . Indeed, this STM study indicates that at cryogenic temperatures the highest achievable coverage may correspond to a lying-down state, but it is probable that further adsorption to higher coverage is kinetically hindered at this low temperature.
Of these various investigations, only one -that on the Ni(100) surface using S K-edge SEXAFS (surface extended X-ray absorption fine structure) -involves a quantitative determination of the adsorption site of the S head-group atom; the results show that this atom bonds to a four-fold coordinated hollow site with a S-Ni nearest-neighbor distance of 2.25±0.02 Å [18] .
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Here we present the results of an investigation of the local adsorption geometry of benzenethiolate on Cu(100) using a combination of S K-edge NEXAFS [22] , to provide direct information on the S-C bond tilt angle, together with NIXSW (normal incidence Xray standing waves) [23, 24] and PhD (scanned-energy mode photoelectron diffraction) [25, 26 ] , to determine the local adsorption site and bondlengths. The interaction of benzenethiol with Cu(100) has been previously characterized by valence state photoemission and LEED (low energy electron diffraction) [14] . In particular, this investigation identified a low-coverage c(4x4) ordered phase and a high-coverage c(2x6) phase that are thought to correspond, respectively, to lying-down and standing-up molecular orientations. Note that because the Cu(100) surface is 4-fold symmetric, the surface in the c(2x6) phase comprises two rotational domains of this 2-fold symmetric structure. In the present structural investigation we focus on the Cu(100)c(2x6)-benzenethiolate saturation phase.
Experimental Details and Methodology
The experiments were carried out on beamline 4.2 on the Synchrotron Radiation Source (SRS) at Daresbury Laboratory, now operated by the STFC (Science and Technologies Facilities Council). This beamline [ 27 ] is fitted with a double-crystal (Ge(111)) monochromator, and a surface science end-station chamber, equipped with facilities for in situ sample preparation and characterization by LEED and XPS (including a standard dual anode X-ray source). A PSP Vacuum Technology concentric hemispherical analyzer, with the entrance lens at 42° to the incident photon beam and equipped with a five-channeltron detector was used to measure the energy distribution curves (EDCs) of photoemitted electrons at fixed pass energy.
The Cu(100) single crystal substrate (99.999% purity) was cleaned in situ by repeated cycles of Ar + ion sputtering (2.5 keV, 16 µA) and annealing (750 K for a few minutes).
The quality of the (11) surface order was assessed by LEED and the cleanness of the surface was checked by XPS using Mg K     radiation. As earlier photoemission studies 5 [13] confirmed that exposure at room temperature of Cu(100) vicinals to either benzenethiol or diphenyl disulfide ((C 5 H 5 S) 2 , DPDS) leads to formation of the same long-range ordered benzenethiolate phases, the present investigation was conducted using the significantly less hazardous, solid, DPDS. DPDS powder was placed in a glass ampoule connected to the analysis chamber through a leak valve. Before introduction into the experimental chamber, the molecule was sublimated by moderate heating (350 K) and purified by means of several pumping cycles of the gas line. The clean Cu(100) surface was exposed to DPDS vapor at room temperature to form adsorbed benzenethiolate by S-S bond scission. Saturation coverage was achieved using exposures of ~10 -5 mbar·s at a pressure of 1.0  10
mbar, leading to the expected c(2x6) LEED pattern. Mg K  XP spectra were used to provide an estimate of the molecular coverage, using the attenuation of the Cu 2p signal resulting from the adsorption. To estimate the attenuation length in the benzenethiolate overlayer at the 316 eV kinetic energy of the Cu 2p photoelectrons the NIST EAL database program was used [28] . The resulting coverage value is 0.41 ML. Using the same method to estimate the coverage of 2-mercaptobenzoazole (MBO, C 7 H 5 NOS) on Cu(100) investigated previously [29] leads to a value of ~0.2 ML, broadly consistent with the maximum coverage of 0.25 ML to be expected for the ordered (2x2) surface phase. A separate coverage determination for the benzenethiolate phase based on the intensity ratio of the S 2p and Cu 3p photoemission intensities at much lower photon energy gave a value of 0.44 ML [30] . Despite the close similarity of these two values, we believe it would be inappropriate to claim the precision is significantly better than ~20%, so we use a coverage estimate of 0.420.08 ML in the discussion of the long-range ordered structure in Section 4. Prolonged exposure of the surface to the LEED gun led to a steady attenuation of the diffracted beam intensities, reflecting electron-beam dissociation and/or desorption, so having established the conditions for this surface preparation, checks on the LEED pattern were made only after making the NEXAFS, NIXSW or PhD measurements, and prior to re-preparation of the surface. X-ray photoelectron spectra of the S 1s state, using synchrotron radiation at 2600 eV, confirmed the presence of the molecule on the surface, albeit with a small (<10%) contribution from a state of ~1.8 eV lower binding energy, identified as due to adsorbed atomic S; all the S 1s intensity was transferred to this atomic state after heating the surface to 725 K causing 6 the molecule to dissociate. Checks of these synchrotron-radiation XP spectra following NEXAFS and PhD measurements showed no evidence of radiation damage resulting from the incident monochromated synchrotron radiation.
S K-edge NEXAFS spectra were acquired in Auger yield mode, by monitoring the intensity of the S KLL (~2100 eV) peak as a function of photon energy. Incident flux normalization was performed by dividing the signal by the drain current measured on an
Al foil positioned between the monochromator and the sample.
The NIXSW technique [23, 24] exploits the X-ray standing wavefield established at a
Bragg reflection from a crystal as a result of the interference between the incident and backscattered waves, the nodal planes of this wavefield lying parallel to the Bragg scattering planes of the substrate with separation equal to that of the scattering planes.
Scanning the photon energy through the Bragg condition changes the phase of the X-ray standing wavefield, shifting the position of the nodal planes perpendicular to the scatterer planes. Because this standing wavefield extends well beyond the crystal surface, adsorbate atoms are immersed in it, and the X-ray absorption at an adsorbate atom depends on its location relative to the standing wavefield nodal planes. A measurement of this adsorbate atom X-ray absorption as a function of the photon energy, when scanned through the Bragg peak, thus provides a means of determining the layer spacing of the adsorbed atom relative to the scattering planes. The use of normal incidence to the scatterer planes renders the experiment rather insensitive to crystal mosaicity. A particular valuable NIXSW measurement may be conducted normal to the crystal surface, as this provides the adsorbate atom layer spacing perpendicular to the surface. In addition, for a surface having higher than two-fold rotational symmetry, a second NIXSW measurement from just one additional set of scatterer planes (not parallel to the surface) allows one to triangulate the atomic position, thus fully determining the lateral registry of the adsorbate with respect to the underlying surface.
The measurements reported here were performed at room temperature using the Bragg reflections from the (200) (parallel to the surface) and (111) planes. The normal incidence The PhD technique [25, 26] exploits the coherent interference of the directly emitted component of the outgoing photoelectron wavefield from a core level of an adsorbate atom with components of the same wavefield which are elastically backscattered by the nearby substrate atoms. By measuring the photoemission intensity in specific directions as a function of the photon energy, the resulting changes in photoelectron energy, and thus photoelectron wavelength, cause specific scattering paths to switch in and out of phase with the directly emitted component, leading to modulations in the intensity which depend on the relative emitter-scatterer location. Simulations of these PhD modulation spectra, including multiple scattering from the surrounding atoms in 'guessed' model structures, allow one to determine the local adsorption geometry around the emitter atom.
The experimental data collection involved in the present PhD investigation is very similar to that used in the NIXSW measurements, namely the measurement of S 1s photoelectron
EDCs at a succession of photon energies in fixed collection geometries, then extracting 8 the S 1s peak areas. The key experimental differences are that in PhD it is the direction of the photoelectron emission, rather than the photon incidence, that is significant, and both the photon energy range and the size of the photon energy steps used in PhD are much larger than in NIXSW. Specifically, a photon energy range of 300 eV with steps of 2 eV were used to the PhD measurements in just two emission directions, normal emission, and at a polar emission angle of 50º in the [001] azimuth. This off-normal emission direction corresponds to that which would lead to 180º backscattering from a nearestneighbour Cu atoms of a S atom adsorbed in a four-fold coordinated hollow site 1.5 Å above the surface (see Fig. 1 ). The integrated areas of the S 1s peaks in each of the individual EDCs were then plotted as a function of photoelectron energy and each final
PhD modulation spectrum was obtained by subtraction of, and normalization by, a smooth spline function representing the non-diffractive intensity and instrumental factors.
These PhD modulation spectra were used in the structure analysis described below.
In general, for a complete structure determination using PhD, it is important to measure such data in a wider range of emission directions in order to achieve a unique structure determination. In the present investigation our objective is narrower. The NIXSW measurements provide identification of the S bonding site on the Cu(100) surface in a very direct way and, as we show below, identify this to be the four-fold coordinated hollow site. However, NIXSW measures the location of this S atom relative to the extended lattice of the crystalline substrate in which the standing wavefield is established,
and not the location of the S relative to the outermost layer Cu atoms which may be relaxed inwards or outwards relative to the bulk. For a known adsorption site a small subset of PhD spectra, recorded in directions corresponding to near-neighbor backscattering (~180º) geometries, provide a means to determine these near-neighbor distances precisely. surface, recorded at different values of the grazing angle,  p . As is usual in NEXAFS, this incidence angle is defined between the direction of the incoming linearly polarized X-ray radiation and the surface plane, rather than the surface normal (the experimental geometry is schematically sketched in the inset). Note that this definition means that  p is also the angle between the polarization vector of the incident radiation (E in the figure) and the surface normal. Also shown in Fig. 2b is a comparison of two of these spectra, recorded at normal incidence ( p =90º) and at the most grazing incidence ( p =20º), with the equivalent spectrum recorded from gas-phase molecular benzenethiol by Dezarnaud et al. [ 31 ] . Much the most dominant feature in the thiolate spectra, with a strong dependence on the direction of the polarization vector, is that labeled (3) in Fig. 2 ; this can clearly be correlated with peak (a) in the gas-phase spectrum that has been identified as a  * (S-C) resonance. This same attribution has been given to an analogous dominant feature in S K-edge NEXAFS from benzenethiolate on Ni(100) [18] , as well as in alkylthiolate species on Cu surfaces [32, 33] . Notice that a  * (S-C) resonance will have its maximum peak intensity when the polarization vector of the incident radiation is aligned along the S-C bond direction. The fact that this feature is most intense in Fig. 2a at the most grazing incidence geometry clearly indicates that the S-C bond must stand up on the surface, well out of the surface plane.
Results

NEXAFS
This  * (S-C) resonance is clearly identified as an intramolecular scattering resonance of known symmetry and is thus the only feature that can definitely assist us in determining the surface molecular orientation. We may, however, comment briefly on a few other features of the spectra. First, the absence of the gas-phase spectral peak (c) from the adsorbed thiolate is consistent with the fact that this feature was attributed to a  * (S-H) in the intact thiol. Secondly, we note that the 'pre-edge' feature labeled (1) in the adsorbate thiolate spectra is probably attributable to the presence of a small amount of coadsorbed atomic S also seen in the XPS spectra, as noted above. Thirdly, it is clear that peak (4), seen at normal incidence, is distinct from peak (3), with an energy difference of 1.8 eV.
We should stress that the spectra of Fig. 2 cannot be accounted for by a smaller number of peaks together with a changing photon energy calibration (such that peaks (1) and (2), and peaks (3) and (4), are equivalent); while the absolute photon energy scale is not fully calibrated, the reproducibility was excellent and the recorded spectra did not depend on the order of data collection. The detailed origin of peak (4), and indeed of the remaining features in the spectra from the surface phase, is unclear. In the gas-phase spectrum of the intact thiol the additional features in this energy range are attributed to Rydberg states and double ionisation [31] , but both of these are likely to differ in energy, even if they are present, for the adsorbed species. Substrate scattering will certainly lead to structure(s) in this energy range (this is, in effect, low-energy SEXAFS) and is probably more important, but there is no simple qualitative way of evaluating these effects; it is notable, though, that similar effects have been seen in other NEXAFS spectra for thiolates on Cu surfaces. The fact that peaks (3) and (4) do have different origins, however, is important in trying to quantify the determination of the S-C bond orientation on the surface through analysis of the polarization angle dependence of the intensity of the  * (S-C) resonance.
In order to achieve this, each of the NEXAFS spectra of Fig. 2a (normalized to the edgejump intensity) were fitted by a sum of 5 Gaussian peaks (corresponding to the 5 labeled features) and of two step-like error functions, centered at different energies as simulating the absorption edges associated to the two different sulfur species (atomic S, lower energy edge, and thiolate S, high energy edge). The energy position of the S K-edge thresholds was determined by measuring the binding energy of the S 1s core level peaks in XPS, the corresponding value 2971.5 eV for the thiolate being consistent within the experimental uncertainties (0.2 eV) with those previously reported for adsorption of ethylthiolate on Cu(100) [34] . All the NEXAFS spectra were fitted with the same energy position of resonances and edges to within the limit of the experimental accuracy (0.3 eV). The full width at half maximum (FWHM) of the Gaussian line-shapes was also fixed. Examples of this fitting for two of the spectra are shown in Fig. 3 . We should stress that the inclusion of the multiple peaks is necessary to extract reliable relative intensities from the one ( * (S-C) resonance) peak of interest, but we do not regard the fitting of the remaining peaks as necessarily unique or implying specific identities. If these are due to substrate scattering, their angular dependence may be rather complex.
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The intensity variation of the  * (S-C) resonance with the grazing incidence angle may then be modeled for different values of the angle, , between the surface normal and the S-C bond direction according to the equation given by Stöhr and Outka [19] , namely:
(1 ) (1 0.5(3 cos 1)(3 cos 1)) sin 3 2
where C is a constant and P is the degree of linear polarization, given as 0.85 for this beamline [27] . A least-squares fit of the experimental data to this equation (Fig. 4) leads to an optimum value of the S-C bond tilt angle, , of 24º. Also shown in this figure are the curves generated by equation (1) for alternative values of 18º and 30º . On the basis of Fig. 4 we may therefore conclude that the S-C tilt angle away from the surface normal is 24±6º. We should stress, however, that the experimental points shown in Fig. 4 are sensitive to the exact assumptions (number of peaks, peak position and width, relative ratio of the step heights) underlying the fitting of the NEXAFS spectra such as those shown in Fig. 3 . This will certainly introduce a systematic error into the determination of the tilt angle, in addition to the random errors reflected in the scatter of data points in Fig.   4 . It seems appropriate, therefore, to be more conservative and revise our estimate of the precision to be, at best, ±10º, a value more typically cited in other NEXAFS studies involving near-perpendicular molecular orientations.
NIXSW
The NIXSW absorption profiles obtained by monitoring the S 1s photoemission signals as the photon energy was stepped through the (200) and (111) reflection conditions are shown in Fig. 5 ; also shown are the absorption profiles of the Cu substrate. These experimental NIXSW profiles were analyzed using the XSWfit automated fitting procedure [35] . NIXSW analysis provides two structural parameters [23, 24, 36] f co is a measure of the degree of local order. The shape of the profiles is also influenced by two non-structural parameters, the Gaussian instrumental broadening ΔΕ (mainly due to the finite resolution of the monochromator) and the absolute energy of the Bragg reflection E B . These parameters were determined by fitting the substrate standing wave profile and were then fixed for the analysis of the adsorbate absorption profiles, which were therefore fitted by only adjusting the adsorbate structural parameters.
Also shown in Fig. 5 are the theoretical curves for the best-fit values of the structural parameters given in Table 1 One measurement of the S absorption profile monitoring the S KLL Auger electron emission at ~2100 eV, which is not influenced by these effects in the photoelectron angular distribution, provided an independent check on the weak influence of this asymmetry in the S 1s photoemission data.
An important feature of the results of Table 1 is that the coherent fraction values for both For bridge sites the reduced symmetry means that there are two inequivalent triangulations (corresponding to two geometries related by the missing 90° rotation 13 symmetry operation) which correspond respectively to these atop and hollow values of z (111) , and the summation over these two sites in XSW actually leads to a coherent fraction of zero, and thus no meaningful value of the coherent position [38] . Because an XSW experiment only determines an absorber location relative to the nearest extended substrate scatter plane (Fig. 6 ), the general relationship between the coherent position for a single adsorption site and its associated height above an actual scatterer plane (on an ideal-terminated bulk crystal) is given by z H = d H + nD H , where n is an integer. The true value of n can generally be established quite easily, as only one value leads to physically plausible adsorption bondlengths. Table 1 shows the consequences of assuming that n=0
for both NIXSW conditions. Clearly, the experimental data are consistent with the S atoms occupying the four-fold coordinated hollow site on the surface at a height above the outermost Cu layer of an unrelaxed substrate of 1.49 Å, corresponding to a S-Cu bondlength of 2.32 Å. Notice that if we assume z (111) = d (111) + D (111) (taking n=1 in this case), the triangulated predictions for the atop and hollow site are inverted in Table 1, implying that the structure corresponds to atop site adsorption, but with a S-Cu bondlength of an implausibly large value of 3.30 Å. This formal ambiguity in the triangulation arises because in the hollow site an adsorbed atom is in an atop site relative to the second substrate layer, but at a height that is one substrate layer spacing higher.
Clearly, the NIXSW results show that the S atom of benzenethiol does occupy the hollow site on Cu(100), at a height of 1.490.05 Å above the nearest extended (200) substrate scattering plane. The exact S-Cu bondlength, however, cannot be obtained from the NIXSW data without information concerning the relaxation of the interlayer spacings of the underlying Cu(100) surface. In this respect, the PhD measurements provide valuable complementary information.
PhD
As described in section 2, the PhD component of this investigation involved measurements of the S 1s modulation spectra in just two emission directions, normal emission (polar angle 0°), and at a polar angle of 50° in the [001] azimuth. These spectra 14 are shown in Fig. 7 . While two spectra are generally insufficient to allow a unique surface structure determination in the absence of other information, here they form a valuable complement to the NIXSW results in that whereas NIXSW is sensitive to the location of the S atom relative to the underlying bulk crystal, PhD is most sensitive to the location of the near-neighbor atoms. In particular, the 50°, [001]-azimuth emission geometry was chosen to correspond approximately to the direction of a S-Cu nearestneighbor bond direction for the hollow adsorption site identified by NIXSW. In this geometry, corresponding to approximately 180° backscattering from this nearestneighbor Cu atom, the PhD spectrum is expected to be dominated by the scattering of this atom, leading to strong modulations with a single dominant period (in electron momentum) that allow precise determination of the S-Cu bondlength. Fig. 7 shows clearly that this emission geometry does have these anticipated characteristics. By contrast, the normal emission spectrum shows more fine structure and may be expected to show additional sensitivity to the location of sub-surface atoms, and thus to the surface relaxation.
To extract detailed information from these experimental spectra we have applied the standard methods of PhD data analysis, performing multiple scattering simulations for a range of trial geometries to achieve the best fit to the experimental spectra. In the present case, however, only geometries based on hollow site adsorption were investigated. The calculations were performed with computer codes developed by Fritzsche [39, 40, 41] that are based on the expansion of the final state wave-function into a sum over all scattering pathways that the electron can take from the emitter atom to the detector outside the sample. The quality of agreement between the theoretical and experimental modulation amplitudes is quantified by the use of an objective reliability factor (R-factor) defined [25, 26] such that a value of 0 corresponds to perfect agreement and a value of 1 to uncorrelated data. Different model structures were initially tested on a grid-search of structural parameters, but this structural optimization to locate the minimum R-factor was also aided with the use of an adapted Newton-Gauss algorithm to automate the search in a region of multi-parameter space. In order to estimate the errors associated with the individual structural parameters we define a variance in the minimum of the R-factor, R min , following an approach developed by Pendry for LEED [42] . All parameter values giving structures with R-factors less than R min + Var(R min ) are regarded as falling within one standard deviation of the 'best fit' structure [43] . We should stress that the PhD technique is primarily a probe of the local adsorption structure. In general, the technique is dominated by the role of electron scattering from the (strongly-backscattering) substrate atoms, allowing one to determine the molecule-substrate registry and nearneighbour bondlengths. Intramolecular scattering does play some role, and can provide a sensitivity to molecular orientation, but the low atomic number elements that make up the molecule are weak scatterers. Intermolecular scattering, on the other hand, rarely is significant, so the technique has little or no sensitivity to the long-range ordering of the molecular layer, or indeed, whether or not this layer is long-range ordered. An implicit assumption in most PhD studies, however, is that only a single local site is occupied.
Alternative situations can be investigated, but here we focus on this single-site model.
The validity of this assumption will be addressed in Section 4.
Initially calculations were conducted with only a single isolated S (emitter) atom on the respectively). The tilt angle of =1010° appears more significant and is consistent with the NEXAFS value of 2410°; we will discuss this more fully in the following section.
As may be expected, the PhD calculations show far greater sensitivity to the location of the S emitter atom relative to the near-neighbor Cu backscattering atoms. A consistent result is that the S atom lies 1.340.04 Å above the outermost layer of Cu atoms. Notice that this value may be compared with the NIXSW value of the height of the S atom above the nearest extended bulk scatterer plane of 1.490.05 Å. At first sight, these two values appear to be incompatible, but it is important to recognize that PhD measured the local SCu interlayer spacing, whereas NIXSW measures the location of the S atom relative to the nearest extended bulk scatterer plane (Fig. 6 ). These two results can therefore be 
General Discussion and Conclusions
The combined application of the techniques of NEXAFS, NIXSW and PhD to the mbar·s) such as that used in the NIXSW investigation of this surface, lead to a coverage of ~0.25 ML [51] , consistent with a (2x2) ordering seen in scanning tunneling microscopy (STM [52] ). However, the STM study also revealed that at high exposures a c(2x6) phase is formed, thus adopting the same periodicity as that of the benzenethiolate structure investigated here. In view of this, some of the other findings of this earlier study appear to be of considerable relevance to the interpretation of the present work.
In particular, this STM investigation of methylthiolate on Cu(100) followed on from earlier investigations of the same adsorbate on Cu(111) which revealed that this surface reconstructs in the presence of the thiolate to a pseudo-(100) surface layer in which the S head-group atom occupies alternate four-fold coordinated hollow sites [53, 54] . This result, of course, highlights the fact a four-fold coordinated hollow site must be highly favorable for the S head-group atom of molecules bonded to Cu surface, consistent with the results reported here for benzenethiolate on Cu(100), and with the earlier results for methylthiolate and MBO on this same surface. One interesting feature of the pseudo-(100) layer on Cu(111) (on which the methylthiolate forms a c(2x2) overlayer) is that the Cu-Cu lateral spacing is ~14% larger than on a Cu(100) surface, suggesting that adsorption onto Cu(100) may lead to a substantial adsorbate-induced compressive surface stress, and possibly local strain. As such, one may surmise that it may not be possible to form a c(2x2) thiolate overlayer on an extended Cu(100) surface. In fact, the STM study of methylthiolate on Cu(100) [52] found that only small islands of a c(2x2) overlayer structure could be formed, co-existing with clusters of apparent vacancies, a result broadly consistent with this expectation, the defected regions presumably allowing local strain and thus stress relief. Indeed, this same investigation [52] showed that on Cu(410), a surface comprising narrow (100) terraces separated by surface steps, a local c(2x2)
overlayer does form, but on such a narrow terrace, stress relief perpendicular to the steps can easily be accommodated by strain at the down-step terrace edges. However, at sufficiently high adsorbate exposures on the (100) surface, the STM images show a transformation into a heavily defected c(2x6) phase. The rationale suggested for this longer-range periodicity is that at sufficiently high coverage stress relief is achieved by a periodic buckling of the surface, leading to the 'x6' component of the c(2x6) ordering. As the c(2x6) phase is formed from a surface already containing regions of local c(2x2) ordering, the implied thiolate coverage for the true ordered c(2x6) phase is 0.5 ML, corresponding to three thiolate species per surface unit mesh.
In fact a c(2x6) periodicity has also been observed by STM (and LEED) in an investigation of hexanethiolate on Cu(100) in which the S adsorption site was also identified as the four-fold coordinated hollow by S K-edge SEXAFS [32] . In this study the coverage was also estimated through XPS measurements to be 0.300.03 ML, apparently corresponding to 2 molecules per primitive surface unit mesh (coverage 0.33 ML); the authors propose a structural model with local c(2x2) ordering, but with every third <100> row of molecules missing to produce the c(2x6) unit mesh. This provides a rationale for the c(2x6) unit mesh without recourse to the buckling suggested in the study of the methylthiolate overlayer, while the authors argue that the higher (0.5 ML)
coverage of the methylthiolate overlayer is precluded for hexanethiolate by the lateral dimensions of the alkyl chain.
For the c(2x6)-benzenethiolate phase, we have estimated a coverage of 0.420.08 ML.
This range could be consistent with a coverage of 0.33 ML, as proposed for the c(2x6)-hexanethiolate phase, or of 0.5 ML, as proposed for the c(2x6) methylthiolate phase. In the former model, identical local sites are occupied with no requirement for rumpling to explain the large surface mesh; in the latter case, in the absence of rumpling, the long-range order is c(2x2), with all molecules in identical local sites, but with rumpling the c(2x6) periodicity may be achieved, although formally the molecules are no longer all in identical local sites, but will occur at two or more slightly different heights above the underlying substrate, thus leading -indeed -to a slight asymmetry of the local adsorption sites. Our NIXSW data would show minimal sensitivity to these effects; the value of d (111) will be the weighted mean of the different heights, and the small range of heights will lead to a small reduction in the expected value of f (111) . For the PhD data, particularly bearing in mind the small sub-set of spectra used here, the expected modulations from each of the slightly different sites will differ minimally, because the height of the S emitter atom above the nearest-neighbour Cu atoms will remain essentially the same. In effect, at a sufficiently local level, these sites are all equivalent. As the 0.50 ML rumpled structure provides a rationale for the observed surface layer relaxation, whereas the lower coverage 0.33 ML does not, we conclude that the higher-coverage model is more probable.
Of course, one important question is whether a coverage of 0.50 ML of benzenethiolate on this surface is sterically possible. Fig. 9 shows a plan view of the model of this ordered structure in which only the lateral c(2x2) periodicity is visible, and not the displacements perpendicular to the surface that would characterize the rumpled c(2x6)
phase. In this diagram the molecule is shown in the orientation corresponding to the bestfit geometry of the PhD analysis. As shown, it appears that the molecules are probably too close together, but a modest azimuthal rotation would alleviate this problem. Here we should stress that the azimuthal angle is effectively the parameter  of the PhD analysis, for which the value obtained was 30(+25/-30)°, effectively including all possible azimuthal orientations on the 4m-symmetry substrate. What is clear from Fig. 9 , however, is that an azimuthal angle of 0° (aligned along a <110> direction) or 45°
(aligned along a <100> direction) would both lead to significant steric problems, whereas some intermediate value may be acceptable. In this regard, it is tempting to regard the fact that the best-fit value of  does have an intermediate value as significant.
Of course, this formal determination of the local adsorption geometry and the proposed 22 model of the long-range ordering give no direct insight into the nature of the intermolecular interactions that may determine the ordering. Our rationale for the pronounced surface relaxation in terms of a rumpled surface, and the suggestion that this may be driven by adsorbate-induced surface stress, is also only speculation. Clearly it would be of interest to investigate these effects further. Density functional theory (DFT) total energy calculations may provide some important answers, but an experimental investigation of the coverage dependence of the surface relaxation for one or more of these Cu(100)/thiolate systems may also prove to be illuminating. Comparison of two of the spectra from the adsorbed thiolate shown in (a) with the equivalent spectrum from gas-phase benzenethiol as reported by Dezarnaud et al. [31] . The orientation and adsorption site of the benzenethiolate species correspond to the bestfit structure as determined by photoelectron diffraction (c.f. Fig. 8 ) but here the H atoms have been included to provide a clearer indication of the overall molecular size.
